ABSTRACT Documentation of the effects of different mitigation measures adopted at different scales to reduce phosphorus (P) loadings to surface waters is needed to help catchment managers select the best management practices. Water quality monitoring data from the outlets of two paired catchments ). The excess downward trend in total P and PP in the river Odense catchment (5,600 kg P and 3,700 kg P) is corroborated by extrapolating the results from a mass-balance study and 10 years of in situ measurements of P storage (3,700 kg P and 15,000 kg P).
INTRODUCTION
Wetland loss and degradation in Europe have been extreme and are still ongoing (Verhoeven ) . As an example, at least two-thirds of all shallow lakes, bogs and wet meadows have been lost in Denmark since 1784 (Hoffmann & Baattrup-Pedersen ) . Hence, the challenge is to reverse the loss of wetlands, promote the protection of existing wetlands and encourage restoration of new wetlands in order to maintain these unique ecosystems (Hoffmann et al. ) . In this effort, the EU Habitats Directive (EC ) and the EU Water Framework Directive (WFD) (EC ) have become useful policy instruments for the managers of wetland conservation and restoration. Not least wetland restoration has become increasingly adopted as a mitigation tool in River Basin Management Plans under the WFD in Europe for reduction of nitrogen (N) and phosphorus (P) loadings to lakes and estuaries (Hoffmann et al. ) .
Biogeochemical processes in wetlands are often regarded as important ecosystem services to society as they remove, retain or transform N and P, thus diminishing the nutrient loading to downstream surface water recipients. Therefore, in Denmark, restoration of wetlands has been used as an integral and important part in previous Nutrient Management Plans (Hoffmann & Baattrup-Pedersen ) , the River Basin Management Plans under the WFD I and the recently adopted WFD II plans.
The aims of this study were to demonstrate and quantify the effects of using wetland restoration in river basin management at catchment scale to reduce P emissions to surface waters. Several complementary methods were used: (i) water quality monitoring data from gauging stations using a paired catchment analysis-control versus treated; (ii) analysis of emission data from point sources; (iii) experimental studies at plot scale using in situ measurements coupled with knowledge obtained from mapping the extent of measures adopted in the catchment; and (iv) results of mass-balance studies showing evidence for reduced P emissions in a restored wetland.
SITE DESCRIPTION Study catchments
The river Odense catchment upstream of the Kratholm gauging station drains a 485 km 2 area in the central and southern part of the island of Funen, Denmark (Figure 1 
Implemented management measures and wetland restoration
During the period 1998-2012, various river management measures were adopted as part of the Danish National Environmental Action Plans (NAEP, directed at pointsource discharges and diffuse sources of P) and the Plan for Green Growth (Windolf et al. ) . Most of the implemented mitigation measures and changes in land use that have occurred in the two study catchments are similar (Windolf et al. ) . Only the use of wetland restoration differed in that it covered a much larger area in the river Odense catchment (1.8 ha wetlands per km 2 ) than in the control catchment (0.5 ha wetlands per km 2 ).
A total of approximately 10,000 ha of wetlands have been restored in Denmark as part of the NAEP II and III and the River Basin Management Plan under the WFD during the period 1999-2014. Nearly 10% of these restored wetlands are located in the river Odense catchment upstream of the Kratholm monitoring station, a relatively large percentage since the river Odense catchment constitutes only approximately 1% of the total area of Denmark. Thus, the river Odense catchment is quite unique in that it has both the highest number and the most extensive area of restored wetlands in Denmark, restoration having been used as a means to diminish the loading of nutrients to the downstream estuarine ecosystem, which presently does not fulfil the required good ecological status of the WFD (Danish Ministry of Environment ).
A total of 10 wetland restoration projects were implemented in the river Odense catchment during the period 2000-2013 (Table 1 and Figure 2 ), mostly involving re-meandering of the river channel. The most extensive projects were all conducted around the main stem of the river Odense during the period 2001-2012 ( Figure 2 ). Re-meandering of a river channel involves elevation of the river bed and cutting or blocking of tile drains and ditches in the floodplains at the edge of the river valley (the restored wetland), and the re-meandered river will subsequently act as the new border zone to intensively farmed land (Hoffmann et al. ). The restoration projects have resulted in reduced discharge capacity (>50%), leading to more frequent and more severe floodplain inundations at high flow conditions (Poulsen et al. ) . The restoration projects have resulted in the creation of 860 ha of wetlands, an increased groundwater table and infiltration of tile drainage water from adjoining agricultural fields to the floodplain soils.
MATERIAL AND METHODS

Monitoring of water and nutrient concentrations
The Kratholm gauging station situated at the outlet of the river Odense catchment and the 11 other gauging stations in the control catchment have been in operation since the 1980s. The water stage is measured continuously and the instantaneous discharge is measured at frequent intervals throughout the year. A dynamic stage-discharge relationship is applied to calculate the mean daily discharge at all All water samples collected were analysed for concentrations of total P (TP) and dissolved reactive P (DRP) via colorimetric methods (Danish Standards Association a, b). Particulate P (PP) was calculated as the difference between TP and DRP; thus, PP as expected includes a smaller fraction of dissolved organic P than DRP (Kronvang & Bruhn ) . The bias associated with taking 26 grab samples per year and utilising linear interpolation for achieving daily estimates of TP concentrations was determined from a complete daily time series from the river Odense at Kratholm applying a Monte Carlo analysis of TP for the period 1990-2000. The average bias turned out to be an underestimation of 1%-5% of the annual TP transport, depending on the year investigated. Data on TP emissions from point sources in the two catchments were collected as part of the Danish Monitoring Programme (NOVANA).
Monitoring of P deposition and flooding of wetlands
Sedimentation and storage of P were monitored at one representative site of the, in all, 10 restored river-wetland sites along the river Odense (Brünemade) during the period 2003 to 2013. After restoration, the area is flooded during high flow periods (see Poulsen et al. () , for further description of the site). During the 10-year period, the deposition of TP during inundations was measured in a central transect using sediment traps placed at different distances from the river channel. Average annual deposition rates of TP were calculated for the central transect on the floodplain as a weighted average according to the distance of the sediment traps from the main river. As P deposition is likely determined by the frequency and extent of floodings of near-stream wetland areas, the areas affected by floodings Table 1 ).
in each of the 11 restored wetlands were estimated based on water stage data from the most frequently flooded restored wetland site of Brünemade (Poulsen et al. ). This water stage was then applied to each of the 11 wetlands in GIS using the Danish national terrain model with a resolution of 9.6 m. In this way, a first estimate was obtained of the extent of wetland areas flooded in the entire catchment, and this estimate was subsequently used together with the estimated deposition rates to calculate the average annual retention of P in the flooded areas of the restored wetlands.
A mass balance for TP was established for the first restored wetland (Karlsmosen in 2001) within the river Odense catchment (see Hoffmann et al. () , for further description of site and methods).
Trend analysis
A trend analysis of annual flow-weighted concentrations of DRP and TP from the Kratholm station at the river Odense and the sum of 11 other streams on Funen was conducted using a linear regression method in SAS (SAS Institute Inc.).
RESULTS AND DISCUSSION
Trend analysis estimates for P in the two catchments A trend analysis of flow-weighted TP, DRP and PP concentrations was conducted for the two paired catchments on Funen (Figure 3) . Observed trends in flow-weighted P concentrations and loadings during the period 2000-2013 are shown in Table 2 . The trend in flow-weighted concentrations of TP in the control catchment (À0.014 mg P L À1 )
was nearly the same as the mean trend of the 11 sub-catchments constituting the control catchment (À0.017 ± 0.006 mg P L À1 ). Similarly, the mean trend in the flowweighted concentrations of DRP and PP for the 11 subcatchments (À0.016 ± 0.002 mg P L
À1
and À0.001 ± 0.005 mg P L À1 ) did not differ much from the one found for the control catchment (Table 2 ). A significant (P ¼ 0.003) downward trend was detected for flow-weighted concentrations and TP losses in the river Odense catchment (0.051 mg P L À1 or 0.155 kg P ha À1 ) where the downward trend was much stronger than in the control catchment (0.014 mg P L À1 or 0.039 kg P ha
; P ¼ 0.07) ( Table 2 ). The significant excess downward trend for TP losses in the river Odense catchment amounted to nearly 5,600 kg P during the entire period 2000-2013. Significant downward trends were detected for DRP in both catchments during the entire period 2000-2013 (Table 2 ). In the control catchment, the downward trend (0.016 mg P L À1 or 0.043 kg P ha À1 ) might be due to a nearly similar trend detected in P emissions from all point sources in the catchment (0.057 kg P ha À1 ). For the river Odense catchment, the downward trend in DRP was more than twice as high (0.083 kg P ha À1 ) as that for the trend in TP emissions from all point sources in the catchment during the period 2000-2013 (0.031 kg P ha À1 ). A downward trend in PP was detected for the river Odense catchment (0.071 kg P ha À1 ; P ¼ 0.08) but not for the control catchment (Table 2 ). The calculated significant downward trend in PP in the river Odense catchment amounted to nearly 3,600 kg during the entire period 2000-2013.
In situ measurements of P deposition and evaluation of importance
The net storage of TP was measured for 1 year (2003) after the restoration of the 63 ha Karlsmosen wetland, which was completed in 2002. The mass balance showed net retention of TP in all months, the highest retention occurring in periods with the highest runoff (Hoffmann et al. ) . The annual TP retention amounted to 8.1 kg P ha À1 of restored wetland. The restored wetland area is larger than the inundated area (restored wetland: 63 ha; inundated wetland: 63 ha), the estimated retention of TP per hectare of inundated wetland area thus amounting to 15.5 kg P ha À1 yr À1 .
The annual in situ measured deposition of TP within a central floodplain transect at Brünemade along the river Odense is shown in Figure 4 ; it ranged from zero during winter 2008/09, when no floodplain inundations occurred, to 13 g P m À2 during winter 2011/12. Based on the estimated yearly P deposition rates, the average yearly deposition rate for the period 2003-2014 amounted to 6.7 g P m À2 , which is in accordance with previous find- The mapped extent of inundated floodplains in the 10 restored wetlands amounts to 239 ha and the estimated area of inundation-impacted wetlands includes approximately 30% of the total restored wetland area in the river Odense catchment. When comparing with the annual TP retention in the floodplains of the Karlsmosen and Brünemade wetlands, TP retention in the river Odense catchment amounts to 3,700 kg when based on mass-balance results from the Karlsmosen wetland and 15,000 kg when using in situ measurements from the Brü-nemade wetland. These estimates corroborate the downward trend of 5,600 kg TP or 3,600 kg PP recorded in the water quality monitoring of the river Odense catchment. The apparent overestimation of floodplain P deposition when using the Brünemade results is presumably partly due to local floodplain hydraulics and partly oversimplification by extrapolation of observations along one transect in a particular wetland to 10 other inundated wetland areas. As discussed in Poulsen et al. () , floodplain flow dynamics are highly complex at Brünemade, with large differences in floodplain flow velocities and depths, and similar complex flow patterns likely apply to the 10 other catchments as well. High water stage leading to flooding does not necessarily result in significant deposition of sediment and P. Hence, the simple extrapolation of water stage and deposition patterns for Brünemade does not take into account the local floodplain flow and deposition dynamics in the other 10 wetlands. However, our results suggest that floodplain deposition of P can be a significant factor. To obtain a robust prediction of the exact P deposition, floodplain flow hydraulics as well as deposition patterns in the individual floodplains need to be examined, for instance by numerical models (Hardy et al. ) . Risk of release of large amounts of DRP from wetlands following water logging has been reported in many studies (e.g. Hoffmann et al. ), but the river Odense catchment showed a different, downward, trend. This result can only partly be attributed to the impact of declining P emissions from point sources in the catchment (37%). Other factors may also contribute to the downward trend in DRP concentrations and load, such as (i) the change of land use in the 860 ha restored wetlands and (ii) the circumstance that tile drains from surrounding arable fields are cut before they reach the river channel in the restored wetland areas, potentially producing retention of both DRP and PP in the new tile-drain-irrigated meadows (Hoffmann et al. ) . Our results from the river Odense catchment show how restoration of river and wetlands may be used as a tool in managing P emission at a river basin scale. Other mitigation options to be implemented to combat P emissions have been proposed and demonstrated in other river basins (e.g. Schoumans et al. ) .
CONCLUSIONS
A trend analysis was carried out with emphasis on P using water quality monitoring results from two paired catchments -the river Odense catchment with 1.8 ha km À2 of restored wetlands and a control catchment with 0.5 ha km À2 of restored wetlands -during the period 2000-2013.
The results showed a trend towards decreasing concentrations of TP, DRP and PP, the trend being strongest for the river Odense catchment, with an excess trend amounting to 5,600 kg P, 3,600 kg DRP and 2,000 kg PP. For PP, we showed that the differences in trend between the two catchments may be due to storage of PP in the estimated 239 hectares of inundated floodplains along the re-meandered river channels. The excess reduction in DRP was unexpected but might be linked to retention of P in drainage water in tiles cut along the margins of the restored wetlands.
